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This work contains an acceptable solution to the most practical interest to reduce the internal pressure load variations acting on
closed envelops (i.e., inner building walls, fairing of rocket, and missile payloads) under gusty wind conditions. To simulate the
gusty wind conditions (i.e., tangential unsteady flow condition), an experimental setup of a wind tunnel with a sinusoidal gust
generating mechanism has been established in IDR of the Universidad Politécnica de Madrid (IDR/UPM), Spain. The wind
tunnel has been equipped with an air reservoir with vent holes. The pressure jumps shown across the vent holes are studied as
a function of sinusoidal gust frequency, volume of the air reservoir, and vent hole size. A theoretical model (based on the mass
conservation equation and polytropic law gas evolution) has been proposed to predict the pressure jumps and variations under
gusty wind conditions. At the end of the work, theoretical and experimental results have been studied and compared. The
relationship between pressure loss coefficient ξ and flow coefficient α under unsteady flow conditions has been evaluated.

1. Introduction

In general, the internal pressure of fully closed envelops or
buildings depends on the position and size of accurate vent
holes, the envelop adequate volume, and the external surface
pressure due to the passing wind characteristics. The magni-
tude of internal pressure loads acting on a closed envelop or
building walls is very small compared to the magnitude of
external pressure loads. But a failure of walls with fully
closed envelop can create a dominant opening and a vast
increment in the magnitude of internal pressures. The com-
bination of internal and large external pressure loads in the
same direction causes failures in the walls of any closed
envelops. Due to the obtained small magnitude of the values,
the case studies of internal pressure loads have received less
interest by the researchers [1]. One of the external pressure
load studies, under gusty wind conditions, has been pre-
sented by Chevula et al. [2]. The first study of internal pres-
sure loads under steady flow conditions had been introduced
by Euteneuer [3]. He proposed an expression to predict the
change in the internal pressure loads due to a sudden change

in external pressure by neglecting the effects on the flow
through the failure of envelop openings. He also found that
a transient response of internal pressure may present (which
causes damped oscillations too) in case of creation of a sud-
den opening in the closed building [1, 4]. Therefore, the fail-
ure of closed envelops or overloaded envelop components
can be obtained by the vast wind flows (tropical cyclones)
and huge variations in the internal and external pressure
loads. The estimation of the pressure load fluctuations
obtained in both steady and unsteady flow conditions on a
closed building envelop is more complicated due to the com-
plexity involved in the measurements of flow analysis
parameters [5]. To overcome the complications raised, Liu
and Rhee [6] presented the formulations for the internal
pressure loads under steady and unsteady flow conditions.
A full-scale study on internal pressure loads was conducted
by Ginger et al. [7] and reported that the mean magnitude
of internal pressure loads of a nominally sealed bundling
or envelop is smaller than the magnitude of the external
pressure loads. The internal pressure variations were mea-
sured by a model of a typical two-storey house in an open
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country exposure on various combinations of openings by
Kopp et al. [8]. The internal and external pressure measure-
ments have been obtained in the case of compartmentalizing
into the connecting attic and living volumes, and the Helm-
holtz resonance effects have been concluded. Holmes [9] and
Chaplin [10] proposed some classical methods which are rele-
vant to calculating the influences of the internal pressures in
various closed building models. In the field of space vehicle
design, payload assembly, and launch, we can find some stud-
ies relevant to the internal pressure loads under gusty flow
conditions, namely, space vehicle compartment vent (NASA
SP-8060) [11]. Sanz-Andres et al. [12] analyzed the variation
of the internal pressure loads during the climb of a spacecraft
through the atmosphere. In the applications of payloads
placed in fairing depressurization of spacecraft, Sanz-Andres
and Navarro-Medina [13] proposed an analytical expression
that can estimate the depressurization vent size.

In summary, many investigations applied linear models
to obtain solutions in the study case of internal pressure
loads under both steady and unsteady flow conditions. But
the case study of unsteady flow conditions will result in a
nonlinear formulation and solution. Along these lines, the
proposed work on this paper is based on a nonlinear model
analyzing the internal pressure loads under gusty wind con-
ditions. In this paper, with the development of the nonlinear
modelling of the internal pressure loads, the following
assumptions are considered:

(i) Inside the reservoir (internal volume), the instanta-
neous pressure is uniform across the opening but
changes with time (which will represent the internal
pressure variations of the building in real case stud-
ies along with the time)

(ii) There is a possibility of specifying a pressure loss coef-
ficient, ξ, to fit the theoretical and experimental data

2. Experimental Setup

The working principle of the gusty flows generating a wind
tunnel and the simulation of the gusty flow conditions can
be found in Chevula [2, 14] and Sanz-Andres and Navarro-

Medina [13]. The experimental setup assembled with the
gusty flows generating a wind tunnel can be found in
Figures 1 and 2. The hardware components involved in the
experimental setup can be found in Chevula [14].

The flow characteristics in the test section and the fre-
quency of the gusty flows considered for the experimental
setup can be found in Chevula [2, 14, 15]. The integration
of the experimental setup is based on the problem statement
of the work presented in this paper, which is that a closed
envelop or building is placed in a gusty flow condition.
Due to the interaction between the gusty flows and the
building surface (which is associated with a tangential flow
around the building), a pressure field will be generated out-
side the building. Without any leaks from inside a closed
building, the internal pressure of the building will be uni-
form, and a large pressure difference between the internal
and external pressures of the building will appear. To reduce
this significant pressure difference (or pressure jump), creat-
ing a correctly sized venting hole in the building (or envelop)
can be a good solution.

Along these lines, the following steps have been initiated
to create this problem statement as an experimental setup in
the laboratory conditions.

(i) The flow inside the gusty wind tunnel test section
is considered and modelized as the tangential
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pressure, PrPe

Wind tunnel pressure, Pe
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venting hole, Uvk
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Figure 1: Schematic diagram of the experimental setup.

Figure 2: Experimental setup (same as Figure 1).
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unsteady flow outside the building. The closed
building is viewed as a reservoir with a venting hole
(see Figure 1)

(ii) An air reservoir for the reference pressure was fixed
below the test section floor

(iii) The surface of the air reservoir and the floor of the
test section were connected with a tube

(iv) The reference flow speed UE inside the test section
of the gusty wind tunnel was measured with a hot
wire anemometer probe (1D) which was installed
on the ceiling of the test section (see Figure 1)

(v) The pressure transducer TR1 is related to the
respective pressure taps Pt1 and Pt2 to measure
the pressure jump across the vent hole ΔP (see
Figure 1)

(vi) The pressure increment inside the wind tunnel, ΔPe
(see Figure 1), is measured by the pressure trans-
ducer TR2 connected to Pt3 and a rigid air reservoir
Pr

(vii) A visible and instrumental check has been carried
out to ensure no air leakage from the reservoir

3. Theoretical Model

The development of the model is based on the mass conser-
vation equation considering the polytropic evolution inside
the air reservoir [16]. A nonlinear theoretical model has
been developed. Additional considerations in the develop-
ment of the model are as follows:

(i) The flow exit conditions and empirical pressure loss
coefficients for the flow through the vent holes are
considered in the development of the model

(ii) The thermodynamic properties of the gas in the res-
ervoir are considered homogeneous, and no spatial
gradients are considered (see Holmes [1, 17]).

Because the air reservoir is made of wood which is a heat
insulator and the room temperature is constant, therefore no
significant temperature gradients exist:

(iii) In the venting case, the air is assumed to be a perfect
gas

(iv) The proposed model can be applied in a closed
building or envelop in which the net size of the vent
is far smaller than the reference vent

From the assumption mentioned above and the homoge-
neous distribution of thermodynamic properties, the mass
variation in the reservoir is given by

VR
dρ0
dt

= −ρ0SUvh, ð1Þ

Table 1: Experimental setup.

Experimental setup parameters Values

Reservoir’s volume, VR 0.022m3, 0.011m3, 0.0062m3, 0.0033m3, and 0.0016m3

Vent hole radius, Rvh 0.5mm, 1.5mm, 2.5mm, 5mm, 7mm, 9mm, 10mm, 11mm, and 12.5mm

Nominal gust frequency, f Ng 2.4Hz, 4.0Hz, 6.0Hz, and 7.7Hz

Fan rotational speed, f m 40Hz (i.e., UE
mv = 5:5 to 6m/s)

Length of the gate chord, Lgc 380mm

Table 2: Variation of 1/
ffiffiffiffiffi
εE

p
as a function of the nominal gust

frequency, f Ng , vent hole radius, Rvh, and volume of the air
reservoir, VR .

Rvh (mm) 0.50 1.50 2.50 5.00 7.00 9.00 10.00 11.00 12.50

f Ng (Hz)

VR = 0:022m3

2.4 14.8 14.8 15.2 14.7 14.4 14.8 14.2 14.8 14.5

4.0 13.3 13.2 13.3 13.2 13.2 13.2 13.2 13.1 13.3

6.0 12.0 12.0 12.0 11.8 11.8 11.9 11.9 11.9 11.8

7.7 11.2 11.4 11.4 11.3 11.3 11.3 11.3 11.3 11.3

VR = 0:011m3

2.4 14.9 14.9 14.9 14.9 14.9 15.0 15.0 14.9 15.0

4.0 13.3 13.3 13.3 13.3 13.4 13.4 13.5 13.3 13.3

6.0 12.0 12.0 12.0 12.0 12.0 12.0 12.1 12.0 12.0

7.7 11.4 11.4 11.4 11.4 11.5 11.5 11.5 11.5 11.4

VR = 0:0062m3

2.4 15.4 15.3 15.2 15.0 14.9 14.7 14.7 14.5 14.5

4.0 14.0 13.9 13.8 13.7 13.5 13.4 13.4 13.2 13.3

6.0 12.1 12.1 12.0 12.0 12.0 12.0 12.0 12.0 12.0

7.7 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4

VR = 0:0033m3

2.4 15.1 15.0 15.0 14.9 14.7 14.6 14.6 14.5 14.4

4.0 13.1 13.2 13.2 13.2 13.2 13.2 13.2 13.3 13.2

6.0 11.9 11.9 11.9 11.9 11.9 11.9 11.9 11.9 12.0

7.7 11.5 11.5 11.5 11.5 11.5 11.5 11.5 11.5 11.5

VR = 0:0016m3

2.0 14.9 14.5 14.5 14.5 14.3 13.9 14.5 14.4 14.6

4.0 13.3 13.3 13.3 13.3 13.3 12.6 13.3 13.2 13.2

6.0 12.0 12.0 12.0 12.0 12.0 11.5 12.0 12.0 12.0

7.7 11.4 11.4 11.4 11.3 11.3 11.1 11.3 11.3 11.4
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where VR is the reservoir volume, Uvh is the speed of the air
flowing through the hole, ρ0 is the density of the air in both
the reservoir and the hole (considering that Uvh is small
compared to the sound speed), and S is the section area of
the vent hole. The evolution of the thermodynamic proper-
ties within the reservoir can be described by a polytropic
law [16] under an isothermal process where the polytropic
index n is 1.

P0 tð Þ
ρ0 tð Þn = Pr

ρr
n
, ð2Þ

ρ0 tð Þ = ρr
P0 tð Þ
Pr

� �1/n
, ð3Þ

and, therefore,

dρ0
dt

= ρr
nPr

P0 tð Þ
Pr

� � 1/nð Þ−1 dP0
dt

, ð4Þ

where the subscripts r and 0 represent initial (or reference)
and instantaneous stagnation conditions in the reservoir.
Concerning the flow through the vent hole, the considered
case is the “where the pressure jump is small to achieve small
mechanical loads on the walls.” Therefore, a low speed jet is
formed at the hole, and through the vent hole, incompress-
ible flow conditions can be considered, and in fact, the
assumptions are applied to equation (2). The air density in
the hole is denoted as ρ0 (no compressibility effects were

included; i.e., no density changes due to speed changes are
considered as the Mach number is small).

The pressure jumps across the vent hole ΔP is a conse-
quence of the pressure loss through the vent hole:

ΔP = P0 − Pe =
1
2 ρ0 tð ÞU2

vhξ sign Uvhð Þ, ð5Þ

where ξ is the total pressure loss coefficient and ΔP is mea-
sured with the pressure transducer TR1, and ΔPe = Pe − Pr
⟶Pe = ΔPe + Pr , where ΔPe is the pressure difference
between wind tunnel pressure, Pe, and barometric pressure
Pr . ΔPe is measured with the pressure transducer TR2, and
Pr is obtained from the lab absolute pressure transducer.

From equation (5),

Uvh =
ffiffiffiffiffiffiffiffiffiffiffiffi
2 ΔPj j
ρ0 tð Þξ

s
sign ΔPð Þ, ð6Þ

and to determine the air density, the internal pressure
should be known:

P0 = Pe + ΔP = Pr + ΔP + ΔPeð Þ: ð7Þ

Substituting equation (6) into equation (1) gives

dρ0
dt

� �2
= ρ0

S
VR

� �2 2 ΔPj j
ξ

: ð8Þ
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Figure 3: Variation of the characteristic vent time, KE , as a function of radius of the vent holes, Rvh, nominal gust frequency f Ng , and volume

of the air reservoir: (a) VR = 0:022m3 and (b) VR = 0:0033m3; fan speed, f m
̲
= 40Hz (i.e., mean flow speed Umv = 5:5 to 6m/s).
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Taking into account that

n
dρ0
ρ0

= dP0
P0

, dρ0 =
ρ0
n
dP0
P0

, ð9Þ

and substituting equation (9) into equation (8), one obtains

ΔPj j = VR
S

� �2 ξ

2n2
ρ0 tð Þ
P0 tð Þ2

dP0
dt

� �2
, ð10Þ

and from equations (6) and (1),

ΔP = − ΔPj jsign dP0
dt

� �
: ð11Þ

From Equation (10), it can be deduced that if the pres-
sure jump ΔP is zero, then the derivative of the internal pres-
sure inside the air reservoir P0, concerning time, t, is equal to
zero. At this point, the pressure jump ΔP changes its sign

(then, the flow through the vent hole is reversed, and the
density derivative should change sign). This behavior is also
apparent in the experimental results.

In the following sections, the experimentally measured
and theoretically predicted pressure differences will be dis-
tinguished by using the following notation: experimental
pressure jump, ΔPE; experimental external pressure varia-
tion, ΔPE

e ; experimental internal pressure, PE
0 ; and theoreti-

cally predicted pressure jump, ΔPT .
The theoretical pressure jump is obtained from equa-

tions (10) and (11):

ΔPT�� �� = VR
S

� �2 ξ

2n2
ρ0 tð Þ
P0 tð Þ2

dPE
0

dt

 !2

, ð12Þ

ΔPT = − ΔPT�� �� sign dP0
E

dt

 !
, ð13Þ

where P0
EðtÞ is obtained from equation (7). The experimen-

tal pressure jumps ΔPE and experimental external pressure
variations ΔPE

e , measured with the pressure transducers
TR1 and TR2, have been introduced.

3.1. Case Study: Small Pressure Jumps across the Vent Holes.
The above-derived model (equation (13)) proposes to mea-
sure the pressure jumps from the venting holes, but this
paper mainly focuses on where a small pressure jump across
the vent holes can appear. In this line, the results obtained
from the experiments (pressure jumps) with various vent
hole sizes (Rvh = 0:5mm to 12.5mm) need to be filtered with
the condition that should be fulfilled to obtain results corre-
sponding to a small pressure jump across the vent holes.
Therefore, the problem formulation in equations (2) and
(8) is rewritten in dimensionless form by using as reference
magnitudes the characteristic time tc, density ρr , reference
pressure P, and small pressure jump δ.

t = tcT , ρ0 tð Þ = ρρr , P0 tð Þ = pPr , Pe = pePr , ΔP = δPr ð14Þ

p = P0 tð Þ
Pr

, ρ = ρ0 tð Þ
ρr

, pe =
Pe

Pr
,

δ = ΔP
Pr

, tc =
VR

Sar

ffiffiffiffiffi
ξγ

2

r
, ar =

ffiffiffiffiffiffiffi
γPr

ρr

s
:

ð15Þ

In the small pressure jump depressurization range, the
assumption δ≪ 1 can help an asymptotic solution to be
found; i.e., ΔP≪ Pr is the most frequent case (ΔP < 103 Pa
and Pr ≈ 105 Pa).

As a first step, the variables of the problem should be
expressed as power series expansion of a small parameter ν
≪ 1 as follows:

p = pe + νp1: ð16Þ

Table 3: Variation of KE as a function of the nominal gust
frequency, f Ng , vent hole radius, Rvh, and volume of the air
reservoir, VR .

Rvh
(mm)

0.50 1.50 2.50 5.00 7.00 9.00 10.00 11.00 12.50

f Ng (Hz)

VR = 0:022m3

2.4 1013.6 113.9 41.2 10.1 5.3 3.2 2.5 2.1 1.7

4.0 1719.8 189.7 69.1 17.3 8.8 5.3 4.3 3.5 2.8

6.0 2575.1 288.1 103.9 25.9 13.3 8.0 6.5 5.4 4.2

7.7 3312.6 367.7 132.8 33.4 16.9 10.3 8.3 6.9 5.3

VR = 0:011m3

2.4 517.4 57.5 20.9 5.2 2.6 1.6 1.3 1.1 0.8

4.0 848.6 94.4 34.1 8.5 4.3 2.6 2.1 1.8 1.4

6.0 1286.4 143.4 51.1 12.9 6.6 3.9 3.2 2.7 2.0

7.7 1623.7 180.8 65.3 16.2 8.3 5.0 4.1 3.4 2.6

VR = 0:0062m3

2.4 295.6 32.2 11.7 3.0 1.5 0.9 0.7 0.6 0.5

4.0 478.3 53.0 19.1 4.8 2.4 1.5 1.2 1.0 0.8

6.0 722.0 80.6 29.1 7.2 3.7 2.2 1.8 1.5 1.2

7.7 910.4 101.3 36.7 9.1 4.7 2.8 2.3 1.9 1.5

VR = 0:0033m3

2.4 153.4 17.3 6.2 1.5 0.8 0.5 0.4 0.3 0.3

4.0 255.7 28.5 10.1 2.6 1.3 0.8 0.6 0.5 0.4

6.0 386.9 42.7 15.3 3.9 2.0 1.2 1.0 0.8 0.6

7.7 488.8 54.1 19.5 4.9 2.5 1.5 1.2 1.0 0.8

VR = 0:0016m3

2.4 76.0 8.4 3.0 0.8 0.4 0.2 0.2 0.2 0.1

4.0 122.8 13.7 5.0 1.2 0.6 0.4 0.3 0.3 0.2

6.0 187.9 20.8 7.6 1.9 1.0 0.6 0.5 0.4 0.3

7.7 238.7 26.5 9.6 2.4 1.2 0.7 0.6 0.5 0.4
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Substituting equation (15) into equation (16) gives

P0 tð Þ
Pr

= Pe

Pr
+ νp1 =

Pe

Pr
+ δ, ð17Þ

where δ = νp1 is the dimensionless pressure jump (i.e., the
pressure load on the reservoir walls), and the density is

ρ0 tð Þ = ρr pe + δð Þ1/n: ð18Þ

Substituting equation (18) in equation (8), one obtains

ρr
nPr

Pe + ΔP
Pr

� � 1/nð Þ−1 d Pe + ΔPð Þ
dt

 !2

= ρ0 tð Þ S
VR

� �2 2 ΔPj j
ξ

:

ð19Þ

Let us assume that a sudden wind gust gives rise, g, to a
pressure evolution outside the building, which is small com-
pared to the atmospheric pressure, and then, the external
pressure from equation (15) can be written as

Pe = Pr 1 + εgð Þ ; ΔP = δPr ;
P0 tð Þ
Pr

= 1 + εg + δ, ð20Þ

where

ε = Pmax
e

Pr
− 1, ð21Þ

which determines the gust amplitude, Pmax
e is the maximum

value of the external pressure, and gðtÞ is the raised dimen-

sionless gust as a function of time. From equations (4) and
(8), one obtains

ρr
nPr

P0 tð Þ
Pr

� � 1/nð Þ−1 dP0
dt

= −ρ1/20
S
VR

ffiffiffiffiffiffiffiffiffiffiffi
2 ΔPj j
ξ

s
sign ΔPð Þ:

ð22Þ

Substituting equation (20) into equation (22) gives

ρr
nPr

1 + εg + δð Þ 1/nð Þ−1 Prd 1 + εg + δð Þ
dt

� �2
= ρr

S
VR

� �2 2 δj jPr

ξ
:

ð23Þ

In the case of large-radius vent holes, Rvh, the condition
εg≫ δ holds (due to the small pressure jumps across large
diameter holes). Therefore, by neglecting small terms, then
equation (23) leads to

ρr
n
d εgð Þ
dt

� �2
= ρr

S
VR

� �2 2 δj jPr

ξ
, ð24Þ

and thus,

δj j = 1
n2

VR
S

� �2 γξρr
2γPr

d εgð Þ
dt

� �2
: ð25Þ

From the definition (equation (15)) of the characteristic
vent time, tc, the first part of the left hand side can be
expressed as follows:

t2c =
VR
S

� �2 γξρr
2γPr

= VR
Sar

� �2 ξγ

2 : ð26Þ
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Figure 4: Variation of the measured pressure jump, ΔPE , theoretical pressure jump, ΔPT , and wind tunnel gust pressure, ΔPe
E , as a function

of time, t, measured in the experimental setup with f m = 40Hz (i.e., UE
mv = 5 to 6m/s), nominal gust frequency, f Ng = 7:7Hz, and T = 0:129 s.

Gate signal high indicates that the rotating gate’s position closes the wind tunnel duct (minimum gusty wind speed), and Rvh = 12:5mm.
VR = 0:0033m3, Z = 10; T is the period of a cycle; pressure loss coefficient ξ = 1; Z is a scale factor variable.
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Rewriting equation (25) by using equation (24) then
gives

δj j = t2c
n2

d εgð Þ
dt

� �2
: ð27Þ

If the radius of the vent hole, Rvh, is large, then both tc
and the pressure jump δ are small (due to the small pressure
jumps that arise across large-size holes).

The dimensionless gust pressure gðt/tgÞ is a function of
Θ where Θ = t/tg and tg is the characteristic time of the gust
evolution. Therefore, gðt/tgÞ = gðΘÞ, and equation (27) can
be written as

δj j = t2c
n2t2g

d εgð Þ
dΘ

� �2
= K2ε2

n2
d gð Þ
dΘ

� �2
, ð28Þ

where dðg Þ/dΘ =Oð1Þ and K = tc/tg is the ratio of the char-
acteristic vent time to the gust pressure variation time.

From equation (28), the order of magnitude of the δ
(only in the case εg≫ δ) can be obtained:

δj j ~ K2ε2 ≪ ε⟶ K2 ≪
1
ε
⟶ K ≪

1ffiffi
ε

p : ð29Þ

Equation (29) is the condition to select the experimental
configurations, which gives the appropriate data to analyze
the range of small pressure jumps across the vent holes. To
analyze the experimental results, the dimensionless ampli-
tude of the external pressure in experiments εE is defined
from equation (21) as follows:

εE = PmaxE
e − Pr

Pr

� �
: ð30Þ
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Figure 5: Same as Figure 4, but Z = 10; T is the period of a cycle; positive side pressure jumps with a positive pressure loss coefficient, ξ
= ξmax.
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Considering the condition of applicability of the model
for the experimental results, using equations (30) and (29),
one obtains

KE ≪
1ffiffiffiffiffi
εE

p , ð31Þ

where superscript E represents the values taken from exper-
iments. As a further step, the results obtained from the
experimental setup (shown in Table 1) have been screened
to fulfil the condition (31).

4. Experimental Results

With the obtained values from the experiments (see Table 1)
and using equation (30), the minimum value of 1/

ffiffiffiffiffi
εE

p
is a

closer value to 11.

The data shown in Table 2 show that the influence of the
reservoir volume and hole diameter is small. The pressure
evaluation inside the gusty wind tunnel test section shows
a drastic change due to the increased influence of the gust
frequency. From the obtained experimental data, the condi-
tion (equation (31)) can be rewritten as KE ≪ 10 (the clear
explanation of the involvements and influence of parameters
tc and tg and required figures can be found in Chevula [14]).

From the obtained experimental data and graphical anal-
ysis (see Figure 3 and Table 3), the condition KE ≪ 10 is
reached by the condition with vent hole Rvh = 9, 10, 11,
and 12.5mm; air reservoir volume VR = 0:022, 0.011,
0.0062, 0.0033, and 0.0016m3; and nominal gust frequency
f Ng = 2:4, 4.0, 6.0, and 7.7Hz. So, in this paper, the configu-
ration mentioned above has been selected for further analy-
sis from equation (13), and the theoretical model pressure
jumps are denoted by ΔPT . The experimental pressure
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Figure 6: Same as Figure 4 but Z = 10; T is the period of a cycle; fitting the negative side pressure jumps with a negative pressure loss
coefficient, ξ = ξmin.
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jumps are denoted by ΔPE, and measured external gust pres-
sure is denoted by ΔPE

e . The experimental values with the
configuration of air reservoir volume VR = 0:022m3 and
0.0033m3 and vent hole radius Rvh = 12:5mm are shown
below.

From the plot of Figure 4, it can be observed that the
obtained values of the theoretical model ΔPT (equation
(13)) and experimental pressure jump, ΔPE, are not in agree-
ment due to the assumed value of the pressure loss coeffi-
cient, ξ = 1. In a steady flow condition, the nominal value
of the ξ will be in the range of 1 to 1.5 in smooth and rough
surfaced vent holes [18]. But in the case of unsteady flow
conditions, the value of ξ is unknown. From Figure 4, it
has also been observed that the experimentally measured
pressure jumps ΔPE shows positive and negative peak values
with various scale factors; i.e., the pressure loss coefficients
will be different with positive and negative jumps. The same
value of the pressure loss coefficient ξ will not fit both posi-
tive and negative jump directions. Various pressure loss

coefficients need to be estimated for both positive and nega-
tive jump directions in this line. An empirical fitting method
has been proposed to fit the maximum and minimum peak
values of the positive and negative pressure jumps ΔPT

max
and ΔPE

max and ΔPT
min and ΔPE

min, respectively. The empirical
relationships for fitting the data are shown below.

ξmax =
ΔPE

max
ΔPT

max
andξmin =

ΔPE
min

ΔPT
min

, ð32Þ

where ξmax and ξmin are denoted as fitting parameters and
considered the pressure loss coefficients for positive and
negative pressure jumps, respectively. In Figure 4, the maxi-
mum values of positive pressure jump obtained from the
experimental measurements and theoretical model are
shown as A and A1 and cannot correlate with each other.
To address this problem, another theoretical positive peak
value for A1 has been chosen, which can be closer to the

Table 4: Positive pressure jumps. Values of the total pressure loss
coefficient, ξmax, and flow coefficient, αmax, as a function of the
nominal gust frequency, f Ng , and vent hole radius Rvh = 9, 11, and
12.5mm; reservoir volume VR = 0:022m3, 0.011m3, 0.0062m3,
0.0033m3, and 0.0016m3.

Rvh (mm) 9.00 11.00 12.50

f Ng (Hz) ξmax αmax ξmax αmax ξmax αmax

VR = 0:022m3

2.4 0.5 1.36 4.8 0.46 11.4 0.30

4.0 1.2 0.90 4.6 0.47 12.0 0.29

6.0 1.4 0.84 6.4 0.40 14.3 0.26

7.7 1.6 0.78 7.3 0.37 15.2 0.26

VR = 0:011m3

2.4 6.8 0.38 27.0 0.19 33.8 0.17

4.0 7.0 0.38 28.2 0.19 55.9 0.13

6.0 7.7 0.36 29.7 0.18 58.9 0.13

7.7 11.5 0.29 35.7 0.17 66.4 0.12

VR = 0:0062m3

2.4 37.6 0.16 113.9 0.09 153.0 0.08

4.0 27.0 0.19 117.8 0.09 154.9 0.08

6.0 32.5 0.18 120.6 0.09 156.7 0.08

7.7 38.2 0.16 129.6 0.09 215.9 0.07

VR = 0:0033m3

2.4 6.2 0.40 138.4 0.08 252.8 0.06

4.0 16.4 0.25 141.2 0.08 258.8 0.06

6.0 22.2 0.21 146.5 0.08 270.7 0.06

7.7 25.5 0.20 202.6 0.07 282.3 0.06

VR = 0:0016m3

2.4 6.7 0.39 13.8 0.27 5.6 0.42

4.0 28.9 0.19 75.5 0.12 74.0 0.12

6.0 39.7 0.16 86.0 0.11 80.7 0.11

7.7 74.9 0.12 122.0 0.09 96.9 0.10

Table 5: Negative pressure jumps. Values of the total pressure loss
coefficient, ξmin, and flow coefficient, αmin, as a function of the
nominal gust frequency, f Ng , and vent hole radius Rvh = 9, 11, and
12.5mm; reservoir volume VR = 0:022m3, 0.011m3, 0.0062m3,
0.0033m3, and 0.0016m3.

Rvh (mm) 9.00 11.00 12.50

f Ng (Hz) ξmin αmin ξmin αmin ξmin αmin

VR = 0:022m3

2.4 12.9 0.24 16.5 0.24 17.2 0.24

4.0 5.0 0.35 7.1 0.35 8.0 0.35

6.0 1.9 0.50 3.4 0.50 4.1 0.50

7.7 1.4 0.51 2.7 0.51 3.8 0.51

VR = 0:011m3

2.4 29.4 0.24 38.6 0.24 51.2 0.14

4.0 12.3 0.35 15.1 0.35 23.4 0.21

6.0 6.1 0.50 8.7 0.50 15.8 0.25

7.7 5.0 0.51 8.6 0.51 12.4 0.28

VR = 0:0062m3

2.4 54.7 0.24 76.0 0.24 112.4 0.09

4.0 25.8 0.35 36.8 0.35 45.2 0.15

6.0 15.4 0.50 28.5 0.50 26.1 0.20

7.7 13.1 0.51 20.3 0.51 24.7 0.20

VR = 0:0033m3

2.4 254.4 0.24 273.9 0.24 365.5 0.05

4.0 97.4 0.35 118.2 0.35 163.9 0.08

6.0 46.5 0.50 49.7 0.50 66.1 0.12

7.7 38.2 0.51 44.0 0.51 56.7 0.13

VR = 0:0016m3

2.4 3559 0.24 7483 0.24 11131 0.01

4.0 1014 0.35 2723 0.35 10032 0.01

6.0 376 0.50 950 0.50 1319 0.03

7.7 287 0.51 639 0.51 907 0.03
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Figure 7: Continued.
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experimental peak value A and estimate the value of ξmax.
Similarly, in the case of negative peaks, the measured and
theoretical values are shown as B and B1, and both peaks
are identified and correlated.

Figures 5 and 6 present the data with the estimated
empirical values ξmax and ξmin and the obtained results of
experimental and theoretical pressure jumps (ΔPE and ΔPT ,
respectively) and the external gust pressure ΔPE

e .
From the data of Tables 4 and 5 and Figure 7, it can be

observed that as the gust frequency increases, the obtained
values from the empirical estimation of the positive and neg-
ative pressure loss coefficients, ξmax and ξmin, increase and
decrease, respectively, which is a curious outcome from these
experiments. The definition for the flow coefficient, α, and the
relationship between the flow coefficient, α, and pressure loss
coefficient, ξ, are presented below.

The mass flow rate through a vent hole Qm in steady flow
conditions is given by

Qm = ρ0 tð ÞSUvh = αS
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρ0 tð ÞΔP

p
, ð33Þ

where α is the flow coefficient (denoted with the letter K in
White [18]).

By substituting equation (5) into equation (33), the fol-
lowing relationship has been obtained:

ρ0 tð Þ2S2U2
vh = α2S2ρ0 tð Þ2U2

vhξ ð34Þ

is the relationship between the flow coefficient α and pres-
sure loss coefficient ξ.

α2 = 1
ξ
⟶ α = 1ffiffiffi

ξ
p : ð35Þ

From the empirical estimation of the pressure loss coef-
ficients, ξmax and ξmin, the respective flow coefficients can
also be defined from equation (33) as

αmax =
1ffiffiffiffiffiffiffiffiffi
ξmax

p , αmin =
1ffiffiffiffiffiffiffiffi
ξmin

p : ð36Þ

In the present work, to avoid confusion, the flow coeffi-
cient has been denoted by the Greek letter α, instead of the
letter K denoted as the flow coefficient in the work of White
[18] (in the present work, letter K is assigned to the value of
a constant which relates ε and jδj (equation (29)). The
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Figure 7: Variation of the total pressure loss coefficients, ξmax and ξmin, referenced to positive (solid lines) and negative (dotted lines)
pressure jumps, respectively, as a function of the nominal gust frequency, f Ng , and radius of the vent hole, Rvh = 9, 11, and 12.50mm;
reservoir volume VR is (a) 0.022m3, (b) 0.011m3, (c) 0.0062m3, (d) 0.0033m3, and (e) 0.0016m3.

11International Journal of Aerospace Engineering



reference data for the flow coefficient α can be found in Fig-
ure 6.41 of White [18].

Equation (36) allows us to validate the obtained experi-
mental data in the present work with existing data in White
[18], and the following points have been outlined from the
same.

(i) The flow coefficient α in the literature [18] has
been obtained based on the steady flow of fluid
flowing from a small diameter tube 1 to another
large diameter (than tube 1) tube 2

(ii) α is a function of the ratio of the diameters β = d/D
, where D is the diameter of the larger tube

(iii) In the present work, the fluid flow is in unsteady
condition. The positive pressure jumps relate to
the flow discharge in crossflow. The negative pres-
sure jump relates to the flow discharge inside a res-
ervoir (with fluid at rest condition)

(iv) Unsteady flow condition is the main difference
between the obtained results in this paper and
White’s reference literature work [18]

(v) Comparing the data of White [18] and the experi-
mental data, the results showed that much larger
room hole duct with D = 390mm from White
[18] and the venting hole duct with d = 25mm
from the experimental data of this paperwork have
been obtained. The ratio of the diameters β is con-
sidered less than 0.2 in both cases (corresponding
to a value of α = 0:58 (White [18], chapter 6, Figure
6.41))

(vi) From the data of Tables 3 and 4, the extreme
values obtained for the flow coefficient are αmax =
0:90 and 0.10 (except the case with VR = 0:022
m3, Dvh = 18mm and f Ng = 2:2Hz), respectively,
and for αmin, the obtained values are 0.84 and 0.01

(vii) The results obtained in the experiments for posi-
tive pressure jumps αmax are of the same order of
magnitude as the flow coefficient of reference
(i.e., α = 0:60)

(viii) The results obtained in the experiments for nega-
tive pressure jumps αmin are also in the same range.
However, the minimum value drops an order of
magnitude to 0.01, in the case of small volumes
of the reservoirs (i.e., VR = 0:0016m3)

5. Conclusions

The influence of the internal pressure variations in a closed
envelop or building under gusty wind conditions has been
studied. A wind tunnel with a sinusoidal gusty wind genera-
tion mechanism has been used to simulate the gusty tangen-
tial flows under various gusty wind frequencies in the test
section. The experimental data have been collected across
the different diameters of the venting holes Dvh and reservoir

volumes VR and nominal gusty frequencies f Ng . The mean
wind speed Umv that has been maintained in the windburn
test section is 4.5 to 5.5m/s (approximately). A nonlinear
theoretical model has been developed to predict the pressure
loss coefficient ξ and flow coefficient α under unsteady flow
conditions based on the gas evolution polytropic law and
mass conservation equation. From the developed mathemat-
ical model, a validation condition for the experimentally
obtained data K ≪ 1/ ffiffi

ε
p

has been identified to filter the data.
From the filtered data and observed results, it has been
determined that the pressure loss coefficient ξ is not constant
as in a steady flow condition. The obtained results (by fitting
data) show negative and positive values for pressure loss
coefficient (ξmin and ξmax) under unsteady flow conditions
as a function of the nominal gust frequency f Ng . After the
applied values of pressure loss coefficient (ξmin, ξmax), the
experimental and theoretical data have been in agreement
with a small phase delay. Further study needs to be con-
ducted to address phase delay, which has popped up in the
agreement of results. A relationship between flow coefficient
α and pressure loss coefficient ξ has been proposed to vali-
date the obtained experimental results with the data avail-
able in the existing literature in a steady flow condition.
Because of the differences in the flow condition, a good
agreement between the experimental and literature data will
not be expected in the validation process.

Finally, the results obtained from the conducted work
conclude that the analysis of the internal pressure loads
under unsteady flow conditions is a nonlinear model and
will have a nonlinear solution. Linear mathematical models
and solutions failed to address the solutions under unsteady
flow conditions. This proposed a nonlinear mathematical
model which can be a good fit for analyzing the pressure
loads acting on fully closed envelops or buildings under
unsteady flow conditions.
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